We report here the identification of waa clusters with the genes required for the biosynthesis of the core lipopolysaccharides (LPS) of two Plesiomonas shigelloides strains. Both P. shigelloides waa clusters shared all of the genes besides the ones flanking waaL. In both strains, all of the genes were found in the waa gene cluster, although one common core biosynthetic gene (wapG) was found in a different chromosome location outside the cluster. Since P. shigelloides and Klebsiella pneumoniae share a core LPS carbohydrate backbone extending up at least to the second outer-core residue, the functions of the common P. shigelloides genes were elucidated by genetic complementation studies using well-defined K. pneumoniae mutants. The function of strainspecific inner-or outer-core genes was identified by using as a surrogate acceptor LPS from three well-defined K. pneumoniae core LPS mutants. Using this strategy, we were able to assign a proteomic function to all of the P. shigelloides waa genes identified in the two strains encoding six new glycosyltransferases (WapA, -B, -C, -D, -F, and -G). P. shigelloides demonstrated an important variety of core LPS structures, despite being a single species of the genus, as well as high homologous recombination in housekeeping genes.
P
lesiomonas shigelloides is a species of rod-shaped Gram-negative bacteria recently classified in the family Enterobacteriaceae and is the only oxidase-positive member of this family (1) . Freshwater and estuarine water are considered to be the natural environment of P. shigelloides, which is often isolated from fish and seafood (2, 3) . P. shigelloides is a bacterium associated with diarrheal disease in humans (4) . The organism has been reported to cause several types of gastroenteritis, including acute secretory gastroenteritis (5) , an invasive shigellosis-like disease (6) , and a cholera-like illness (7) . Extraintestinal infections, such as meningitis, bacteremia (8) , and pseudoappendicitis (9) , are also associated with P. shigelloides infection. Unlike other phenotypic methods, serology has more successfully been used for distinguishing different strains of P. shigelloides. There are mainly two major serotyping schemes, which are based on somatic (O) and flagellar (H) antigens. Thus far, 102 somatic antigens and 51 flagellar antigens have been recognized (10) .
Lipopolysaccharides (LPS), as in other members of the family Enterobacteriaceae, consist of three domains: an endotoxic glycolipid (lipid A), an O-polysaccharide (O-PS) chain or O antigen, and an intervening core oligosaccharide (core-OS) region. In studies of several Enterobacteriaceae-like Escherichia coli, Salmonella enterica, or Klebsiella pneumoniae strains, genes involved in LPS core biosynthesis are usually found clustered in a region of the chromosome, the waa gene cluster (11, 12) . On the other hand, a careful analysis of several fully sequenced genomes suggested that genes for the LPS core biosynthesis may not be clustered and may be distributed between several regions, e.g., as in Yersinia pestis (13) or Proteus mirabilis (14) .
Despite the emerging importance of this pathogenic microorganism, only seven LPS structures of 102 O serotypes of P. shigelloides have been investigated to date. Thus far, only four complete LPS molecules isolated from P. shigelloides CNCTC 113/92 (serotype O54), CNCTC 144/92 (serotype O74) (15, 16) , strain 302-73 (serotype O1) (17, 18) , and recently CNCTC 80/89 (serotype O13) (19) have been elucidated. Figure 1 shows P. shigelloides LPS cores of strain 302-73 (serotype O1) and CNCTC 113/92 (serotype O54). P. shigelloides strain 7-63 (serotype O17) LPS shows the core oligosaccharide substituted with one repeating unit of the O-specific PS (20) . It was known that its O-antigen structure is identical to that of Shigella sonnei phase I (21), a causative agent of dysentery. Both species acquired virulence plasmid with a gene cluster coding O17 antigen (22) .
The overwhelming majority of the LPS studied (23) contain at least one residue of 3-deoxy-D-manno-oct-2-ulosonic (ketodeoxyoctonic) acid (Kdo), which links the core to the lipid A moiety (KdoI). The second characteristic sugar of the core is L,D-Hep, although there are a few LPS that contain D,D-Hep or lack any heptose (24) . In those containing L,D-Hep, the presence of a Hep-␣-(1¡5)-Kdo disaccharide is a characteristic feature. Two important features that completely differentiate enteric bacteria among them are the outer core disaccharide GalA-GlcN and the substitution of ␤Glc-HepI (Gal, galactose; Glc, glucose; GlcN, glucosamine), which are present in the Klebsiella-Serratia-Proteus group LPS and always absent in Escherichia-Salmonella-Shigella group LPS (12, 14, (25) (26) (27) . The P. shigelloides LPS seems clearly to be included in the Klebsiella group according to this point (Fig. 1) . P. shigelloides LPS shows a special feature because instead of the typical ␤Glc-HepI substitution found in the Klebsiella-Serratia-Proteus group LPS, is a ␤Gal-HepI substitution (Fig. 1) . We studied here for the first time the genetics of P. shigelloides LPS core in order to proceed with the complete gene assignment of all LPS core biosynthesis gene functions.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in the present study are listed in Table 1 . All strains were routinely grown in Luria-Bertani (LB) broth and LB agar (28) at 37°C unless stated otherwise. Ampicillin (100 and 150 g ml
Ϫ1
, for E. coli and K. pneumoniae strains, respectively), chloramphenicol (25 g ml Ϫ1 ), and kanamycin (25 g ml Ϫ1 ) were added to the different media when required. General DNA methods. General DNA manipulations were accomplished essentially as previously described (28) . DNA restriction endonucleases, T4 DNA ligase, E. coli DNA polymerase (Klenow fragment), and alkaline phosphatase were used as recommended by the suppliers.
DNA sequencing and computer analysis of sequence data. Doublestranded DNA sequencing was performed by using the dideoxy-chain termination method (29) with the ABI Prism dye terminator cycle sequencing kit (Applied Biosystems). Oligonucleotides used for genomic DNA amplifications and DNA sequencing were purchased from SigmaAldrich. The DNA sequence was translated in all six frames, and all open reading frames (ORFs) were inspected. Deduced amino acid sequences were compared to those of DNA translated in all six frames from nonredundant GenBank and EMBL databases by using the BLAST (30) network service at the National Center for Biotechnology Information and the European Biotechnology Information. CLUSTAL W was used for multiple-sequence alignments (31) .
Plasmid constructions and mutant complementation studies. For complementation studies, the P. shigelloides 302-73 genes (waaA, waaC, waaF, wapE, wabG, wabH, wabN, wapA, wapB, wapC, wapG, and peg.367) and strain CNCTC 113/92 wapD and wapF were PCR amplified by using specific primer pairs (see the list of primers in Table 2 ) and chromosomal DNA as the template, ligated to plasmid pGEMT (Promega), and transformed into E. coli DH5␣. Transformants were selected on LB plates containing ampicillin. Once checked plasmids with the amplified genes were independently transformed into K. pneumoniae core LPS mutants.
Recombinant plasmids pBAD-WapB and pBAD-WapF were obtained by independent PCR amplification of these genes from P. shigelloides 302-73 and CNCTC 113/92, respectively, using primers with tails, subcloning in pBAD33-Cm, and transformation into E. coli DH5␣. These constructs were transformed into K. pneumoniae core LPS mutants. wapB and wapF were expressed from the arabinose-inducible and glucose-repressible pBAD33-Cm promoter. Repression from the araC promoter was achieved by growth in medium containing 0.2% (wt/vol) D-glucose, and induction was obtained by adding L-arabinose to a final concentration of 0.2% (wt/vol). The cultures were grown for 18 h at 37°C in LB medium supplemented with chloramphenicol and 0.2% glucose, diluted 1:100 in fresh medium (without glucose), and grown until they reached an A 600 of ϳ0.2. Then, L-arabinose was added, and the cultures were grown for another 8 h. Repressed controls were maintained in glucose-containing medium.
LPS isolation and SDS-PAGE. For screening purposes, LPS was obtained after proteinase K digestion of whole cells (32) . LPS samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or SDS-Tricine-PAGE and visualized by silver staining as previously described (32, 33 each) and then with proteinase K (36 h, 1 mg g Ϫ1 ). The suspension was dialyzed and lyophilized, and the LPS was extracted by either the phenol-water procedure (34) or the Galanos method (35) . A portion of the LPS (50 mg) from each strain was heated with aqueous 2% acetic acid (6 ml) at 100°C for 45 min. The precipitate was removed by centrifugation (13,000 ϫ g, 20 min), and the supernatant was fractionated on a column (56 by 2.6 cm) of Sephadex G-50 in 0.05 M pyridinium acetate buffer (pH 4.5) with monitoring by using a differential refractometer (Knauer, Berlin, Germany). Eluted fractions containing polysaccharide (positive in phenol-sulfuric acid assay) were extensively water dialyzed and lyophilized to concentrate core OS in strains devoid of the O-antigen LPS.
LPS chemical analysis. For chemical analysis, either purified LPS or core LPS oligosaccharides samples were hydrolyzed with 1 N trifluoroacetic acid for 4 h at 100°C.
Alditol acetates and methyl glycoside acetates were analyzed on a Agilent Technologies 5973N MS instrument equipped with a 6850A gas chromatography (GC) and an RTX-5 capillary column (Restek; 30 m by 0.25 m [inner diameter]; flow rate, 1 ml min Ϫ1 ; He as the carrier gas). Mass spectrometry studies. Positive-ion reflection time-of-flight mass spectra (MALDI-TOF) were acquired on a Voyager DE-PR instrument (Applied Biosystems) equipped with a delayed extraction ion source. The ion acceleration voltage was 20 kV, the grid voltage was 14 kV, the mirror voltage ratio was 1.12, and the delay time was 100 ns. Samples were irradiated at a frequency of 5 Hz by 337-nm photons from a pulsed nitrogen laser. Mass calibration was obtained with a malto-oligosaccharide mixture from corn syrup (Sigma). A solution of 2,5-dihydroxybenzoic acid in 20% CH 3 CN in water at a concentration of 25 mg/ml was used as the MALDI matrix. A 1-l portion of matrix solution and 1 l of the sample were premixed and then deposited on the target. The droplet was allowed to dry at room temperature. Spectra were calibrated and pro- cessed under computer control using the Applied Biosystems Data Explorer software. Dot blot hybridization. The DNA probes used consisted of the digoxigenin-labeled amplification products of strains 302-73 and CNCTC 113/92 obtained with a DIG DNA labeling and detection kit (Boehringer, Mannheim, Germany). These 16 probes, one for each of the genes putatively involved in core LPS biosynthesis from both strains, were synthesized using the primer pairs shown in Table 2 for waaA, -C, -F, -Q, and -L, for wabN, -H, -G, and -O, and for wapA, -B, -C, -D, -E, -F, and -G. Cell lysates were obtained by resuspending the cells of 500-l overnight cultures in LB medium in 100 l of 0.4 M NaOH and heating the samples for 30 min at 80°C. One microliter of each cell lysate was blotted onto Hybond membranes and bound by UV cross-linking. Hybridization was performed according to a standard protocol (28) with stringent washing at 65°C in 0.2ϫ SSC (20ϫ SSC is 3 M NaCl plus 0.3 M sodium citrate; pH 7.0). Probes that remained bound to homologous sequences were detected with the DIG DNA labeling and detection kit according to the supplier's instructions.
Nucleotide sequence accession numbers. The complete nucleotide sequences of the P. shigelloides 302-73 and CNCTC 113/92 gene clusters described here have been assigned to GenBank accession numbers KF648555 and KF648556, respectively. 
RESULTS
Organization of the P. shigelloides 302-73 waa gene cluster. In most Enterobacteriaceae studied thus far, the genes involved in core LPS biosynthesis are found clustered (waa gene cluster) (12, 14, 23, 25, 27) . Usually, the first gene of the cluster is hldE (ADP-D-glycero-D-manno-heptose epimerase) and at the 3= end of the cluster the core biosynthesis unrelated genes coaD (phosphopantetheine adenylyltransferase) (36) are found. Recently, we sequenced the complete P. shigelloides 302-73 (serotype O1) genome (37) , and hldE corresponds to peg.3153, and coaD corresponds to peg.3166. The complete waa cluster has been also separately sent to GenBank and is shown in Fig. 2 . P. shigelloides common inner and outer core genes. The (23) has been found in all of the inner core regions of the studied Enterobacteriaceae. This pentasaccharide is biosynthesized by the sequential transfer to lipid A of one to two residues of Kdo by the CMP-Kdo:lipid A Kdo bifunctional transferase (WaaA), and three residues of L-heptose by ADP-heptose-heptosyltransferases I, II, and III (WaaC, WaaF, and WaaQ). The P. shigelloides homologue WaaA showed high levels of amino acid identity and similarity to the known WaaA from different Enterobacteriaceae (65 and 77%) (Fig. 2B) . The WaaC, WaaF, and WaaQ homologues showed high levels of identity and similarity to the K. pneumoniae 52145 homologues WaaC (78 and 84%), WaaF (76 and 85%), and WaaQ (61 and 75%) (Fig. 2B) .
Proper identification of the functions of these five inner core genes was performed as previously described by complementation studies of known inner-core mutants (25) . A plasmid containing the waaA gene from P. shigelloides strain 302-73(pGEMTWaaA 302 ) was introduced into E. coli CJB26, a strain with a kanamycin resistance gene inserted in the chromosomal waaA and harboring a wild-type waaA in a temperature-sensitive plasmid (pJSC2). The pGEMT-WaaA 302 plasmid restored the growth at 44°C of the CJB26 mutant. Analysis of LPS by SDS-Tricine-PAGE showed that K. pneumoniae 52145 mutant strains 52145⌬waaC, 52145⌬waaF, and 52145⌬waaQ (27) were complemented by plasmids pGEMT-WaaC 302 , pGEMT-WaaF 302 , and pGEMTWaaQ 302 , respectively (Fig. 3) .
The outer core disaccharide ␣GlcNI-(1¡4)-GalAI is another common feature shared by K. pneumoniae (12, 14, 25, 26, 27) and P. shigelloides 302-73 (18) (Fig. 1) . We have previously shown that the K. pneumoniae WabG is responsible for the transfer of GalA to the O-3 position of L-glycero-D-manno-heptose II (L-HepII) (38) . Similarly, we have shown that two K. pneumoniae enzymes (WabH and WabN) are required for the incorporation of the GlcN residue. The WabH transfers a D-N-acetylglucosamine (DGlcNAc) residue from UDP-GlcNAc to the first outer-core residue GalA and WabN deacetylates the GlcNAc residue to GlcN (39) . K. pneumoniae mutants 52145⌬wabG, 52145⌬wabH, and 52145⌬wabN produce shorter core LPS than wild-type strain 52145, and their LPS is devoid of O-antigen LPS. As expected, pGEMT-WabG 302 , pGEMT-WabH 302 , and pGEMT-WabN 302 were able to restore wild-type O-antigen LPS production when introduced into 52145⌬wabG, 52145⌬wabH, and 52145⌬wabN, respectively (Fig. 3A) . Compositional analysis of the core OS fractions released by acid hydrolysis and GC studies as described in Materials and Methods showed the presence of GlcNAc and GlcN in strains 52145⌬wabH(pGEMT-WabH 302 ) and 52145⌬ wabN(pGEMT-WabN 302 ), respectively. In contrast, OS fraction from strain 52145⌬wabH lacks either GlcNAc or GlcN; and strain 52145⌬wabN shows GlcNAc instead of GlcN, as previously reported (38, 39) . Furthermore, a similar analysis of the OS fractions from strain 52145⌬wabG(pGEMT-WabG 302 ) showed the presence of GalA, whereas this residue was absent from strain 52145⌬wabG. These results show that these three genes are functional homologues of the K. pneumoniae ones.
Common but functionally different P. shigelloides 302-73 inner-core gene. The ORF12 shows a clear domain ␤1-4 glycosyltransferase being from the GT2 family and named wapE (Fig. 2) . It shows homology to WaaE (26) from different Vibrio species (42 and 64% identity and similarity, respectively) and also to K. pneumoniae WaaE (30 and 48% identity and similarity, respectively). The ␤Glc-(1¡4) linked to the L-HepI, as mentioned in the introduction, is an inner-core characteristic of different enteric species from the Klebsiella-Serratia group, but this motif is not present in P. shigelloides 302-73 LPS core. Instead, in P. shigelloides 302-73 LPS core there is a ␤Gal-(1¡4) linked to the L-HepI (Fig. 1) . To determine the function of this gene, we introduced it into K. pneumoniae 52145⌬waaE. The K. pneumoniae 52145⌬waaE LPS profile in SDS-Tricine-PAGE gels showed a great reduction of the O-antigen LPS bands and a clear increase in the migration of the LPS core band. The introduction of pGEMT-WapE 302 into mutant 52145⌬waaE resulted in a LPS profile as the wild-type strain with multiple O-antigen bands and the recovery of the LPS core band migration (Fig. 3B ). Chemical analysis of core oligosaccharides isolated from LPS of strain 52145⌬waaE(pGEMT-WapE 302 ) showed the presence of galactose, whereas no such monosaccharide could be found in the LPS core oligosaccharides isolated from strain 52145⌬waaE.
Specific P. shigelloides 302-73 outer-core genes. The remaining genes in the 302-73 waa gene cluster (orf4, -6, and -7, named wapA, wapB, and wapC, respectively) were expected to be involved in outer-core completion. BLAST search (Fig. 2B ) of the encoded putative protein from wapA showed similarity (59%) and identity (41%) to the ORF4 of the K. pneumoniae C3 waa cluster that putatively links the terminal Kdo to the GlcNI in the outer-core LPS type 1 (12) . No protein domains of glycosyl transferase could be found in this protein. The WapB encodes a glycosyl transferase from family 1 that showed similarity (46%) and identity (30%) to the well-characterized WabK (Fig. 2B ). This protein in K. pneumoniae LPS core type 2 links the first Glc residue to the GlcN in the outer core; however, no ␤Glc-(1¡4)-␣GlcN motif is present in the LPS core of P. shigelloides 302-73.
BLAST search (Fig. 2B ) of the encoded putative protein from wapC do not render any homology to well-characterized proteins with a domain highly characteristic from the glycosyl transferase family 1. This protein additionally shows a glycosyl transferase family 4. To determine the function of these three genes, we decided to introduce them into K. pneumoniae 52145⌬wabK (38) and 52145⌬wabO⌬waaL (40) mutants because these genes produce truncated core LPS extending up to the outer core GlcNI and L-HepIII residues, respectively, without O-antigen molecules. We expected that these mutant LPS could be good acceptors for residues transferred by some of the proteins encoded by these three P. shigelloides 302-73 genes.
LPS from K. pneumoniae 52145⌬wabK analyzed by SDS-Tricine-PAGE showed an increase in mobility compared to that of wild-type 52145 LPS (Fig. 4A) . Introduction of pGEMT-WapA 302 into mutant 52145⌬wabK resulted in LPS with a decrease in mobility compared to that of 52145⌬wabK (Fig. 4A) . No differences could be observed between 52145⌬wabK and 52145⌬wabK with plasmid vector pGEMT alone. LPS was extracted and purified from strains 52145⌬wabK and 52145⌬wabK(pGEMT-WapA 302 ), the corresponding core oligosaccharide (OS) fractions were ob- (27) (Fig. 4B) . The OS fraction of LPS from 52145⌬wabK(pGEMT-WapA) showed major signals at m/z 1,708.66 and 1,690.46 that were ϳ220.05 Da (anhydrous Kdo) higher than those obtained from 52145⌬wabK (Fig.  4B) . No changes were observed when pGEMT-WapA was introduced in other mutants, such as 52145⌬wabH (27) , analyzed by SDS-Tricine-PAGE. These data suggest that WapA is responsible for the addition of Kdo to the GlcNI in the outer-core LPS of P. shigelloides 302-73 (Fig. 1) .
Because we already found the genes responsible for the production of the main branch of OS core Kdo-HepI-HepII-GalAIGlcNI-Kdo, we decided to study using the 52145⌬wabO⌬waaL mutant the possible branched motif GlcNII-␣-(1¡4)-GalAII-␣-(1¡7)-L-HepIII (see Fig. 1C ). When pGEMT-WapC was introduced into 52145⌬wabO⌬waaL mutant (40) , migration of LPS in SDS-Tricine-PAGE was modified (Fig. 5A) but not with pGEMTWapB, suggesting that core LPS extending up to the L-HepIII residue could not act as acceptor of WapB transferase. MALDI-TOF analysis of the OS from the 52145⌬wabO⌬waaL (lacking the Oantigen molecules) mutant showed two main peaks at m/z 1,661.36 and 1,643.35, which correspond to the pseudomolecular ions (MϩNa) ϩ and (MϩNa-18) ϩ , respectively (40) (Fig. 5B) . The signal at m/z 1,661.36 was in agreement with the calculated average molecular mass 1,638.42 Da of an OS structure with one hexose, three heptoses, one hexuronic acid, one hexosamine, and one Kdo unit. MALDI-TOF analysis of the OS from 52145⌬wabO⌬waaL(pGEMT-WapC) showed major signals at m/z 1,837.48 and 1,819.46 (Fig. 5B) . These signals were in agreement with Kdo-Hep 3 -Hex-HexN-HexA 2 and its anhydrous form and with the incorporation of one HexA. When we introduced WapB in 52145⌬wabO⌬waaL, together with WapC (pGEMT-WapC and pBAD-WapB), under inducing conditions a decrease in the migration of LPS in SDS-Tricine-PAGE (Fig. 5A) could be observed. This decrease was higher than the WapC alone modification. MALDI-TOF analysis of the OS from 52145⌬wabO⌬waaL(pGEMT-WapC, pBAD-WapB) grown under inducing conditions showed major signals at m/z 1,998.53 and 1,980.54 (Fig. 5B) . These signals were in agreement with KdoHep 3 -Hex-HexN 2 -HexA 2 and its anhydrous form and with the incorporation of one HexA and one HexN.
These results strongly suggest that WapC is responsible for the linkage of GalAII to HepIII (UDP-galacturonic acid transferase). WapB is responsible for the linkage of GlcNII to GalAII (UDP-Nacetyl-glucosaminyltransferase), whereas WabN deacetylates the core OS containing GlcNAc residue to GlcN (see Fig. 1 ).
Organization and characterization of the P. shigelloides CNCTC 113/92 waa gene cluster. Using primers defined according to the P. shigelloides 302-73 (serotype O1) waa cluster, we were able to complete the DNA sequence of the P. shigelloides strain CNCTC 113/92 (serotype O54) waa cluster (Fig. 6A) . When we analyzed this waa cluster, we observed two different glycosyltransferases (named wapD and wapF in the Fig. 6A ) from the P. shigelloides 302-73 waa cluster (Fig. 2) . The rest of the waa genes were Ͼ95% homologues with the respective ones from P. shigelloides 302-73 waa, and hldE and waaA were flanking the genes shown in the Fig. 6A (data not shown) . pGEMT-WapD introduced into 52145⌬wabK mutant modify the migration of LPS in SDS-Tricine-PAGE (Fig. 4A) but not pGEMT-WapF, suggesting that core LPS extending up to the GlcNI residue could not act as an acceptor of WapF transferase. MALDI-TOF analysis of the OS from 52145⌬wabK mutant has been previously mentioned and characterized (27) .The OS fraction of LPS from 52145⌬wabK(pGEMTWapD) showed major signals at m/z 1,650.70 and 1,632.50, ϳ162.08 Da (one hexose residue) higher than those obtained from 52145⌬wabK (Fig. 4B) . The chemical analysis of core oligosaccharides isolated from LPS of strain 52145⌬waaK(pGEMTWapD) showed the presence of galactose, whereas no such monosaccharide could be found in the 52145⌬wabK LPS core. The introduction of WapF in 52145⌬wabK, together with WapD (pGEMT-WapD and pBAD-WapF), under inducing conditions provoked a decrease in the migration of LPS in SDS-Tricine-PAGE (Fig. 4A) . Such decrease could be observed either versus LPS of 52145⌬wabK or 52145⌬wabK(pGEMT-WapD). MALDI-TOF analysis of the OS from 52145⌬wabK(pGEMTWapD, pBAD-WapF) grown under inducing conditions showed major signals at m/z 1,812.77 and 1,794.57 (Fig. 4B) . These signals were in agreement with the chemical structure of Kdo-Hep 3 -Hex 3 -HexN-HexA and its anhydrous form and with the incorporation of two hexose residues. These results seems to indicate that WapD is the ␤-(1¡4) galactosyltransferase to the GlcN and that WapF is the ␤-(1¡6) glucosyltransferase to the GlcN, which is in agreement with the LPS core chemical structure of P. shigelloides CNCTC 113/92 strain (serotype O54) (Fig. 1C) .
Specific P. shigelloides gene outside the waa cluster. The P. shigelloides LPS motif ␤Glc-(1¡2)-␣-L-HepII seems not be encoded by any of the glycosyltransferases found in both waa clusters. For this reason, we decided to analyze all of the P. shigelloides 302-73 (serotype O1) genome (37) for a possible candidate gene. We found two putative candidates (peg.1453 and peg.367), but only the first of them (named wapG) was able to modify the gel migration of LPS from the 52145⌬wabH mutant (27, 39) when introduced using pGEMT-WapG (Fig. 7A) .
The OS from strains 52145⌬wabH and 52145⌬wabH(pGEMTWapG) were obtained, and MALDI-TOF spectra in the positive mode performed. Major signals at m/z 1,327.09 and 1,309.10 were obtained from 52145⌬wabH corresponding to Kdo-Hep 3 -HexHexA 2 and its anhydrous form, respectively (Fig. 7B) . In agreement with the presence of a Hex residue, the OS fraction of LPS from 52145⌬wabH(pGEMT-WapG) showed major signals at m/z 1,489.17 and 1,471.18, ϳ162.08 Da higher (one hexose residue) than those obtained from 52145⌬wabH (Fig. 7B) . The pGEMTWapG was unable to modify the gel migration of LPS from a mutant that lacks L-HepII (52145⌬waaF) (12, 27) .
Distribution of core biosynthetic genes in P. shigelloides. To determine the degree of conservation of the genes putatively involved in P. shigelloides core LPS biosynthesis, specific digoxigenin-labeled PCR amplification probes were used in dot blot hybridization experiments. Sixteen probes, one for each of the genes putatively involved in core LPS biosynthesis from both strains, were synthesized using the primer pairs shown in Table 2 for waaA, -C, -F, -Q, and -L, for wabN, -H, -G, and -O, and for wapA, -B, -C, -D, -E, -F, and -G. The 16 probes were used in dot blot assays to screen genomic DNA from 12 P. shigelloides strains from our lab. Eight strains represented five different serotypes (O1, O2, O3, O17, and O54) plus four nonserotyped strains; seven were isolated from clinical stools and five from fish, with geographical origins from Japan (4), Brazil (3), Poland (1), and Spain (4). All of the P. shigelloides genomic DNA reacted with probes for waaA, -C, -F, and -Q, for wabN, -H, and -G, and for wapE and -G, suggesting that genes involved in the biosynthesis of the core LPS up to the outer residue GlcNI (see Fig. 1B ) are conserved in this bacterial genus with a single species. The two O1 strains reacted with wapA and were the only strains to react. Four strains reacted with wapB and -C, the two O1 strains, the O13 strain, and one nonserotyped strain. wapD and -F reacted with two nonserotyped strains.
DISCUSSION
In this study we have been able to identify the functions of the genes found in the waa gene cluster from two P. shigelloides strains (302-73 and CNCTC 113/92, serotypes O1 and O54, respectively). The approach used for such identification was based in complementation studies for genes with homologues of known function. For the remaining genes, we took advantage of the fact that the P. shigelloides core LPS structure is highly similar to that of K. pneumoniae at least up to the outer-core residue GlcNI (Fig. 1) . The functions of these genes were identified by using as surrogate acceptors LPS from well-defined K. pneumoniae core LPS mutants. This approach, unlike mutagenesis studies, has the advantage that we look for a positive trait (the addition to the mutant LPS of a particular residue) with an acceptor nearly identical to the natural LPS acceptor.
Both P. shigelloides waa clusters shared all of the genes besides the ones flanking waaL. In strain 302-73, orf4 corresponds to wapA and after the waaL, two other genes could be found (orf6 and -7, named wapB and -C, respectively). In strain CNCTC 113/ 92, orf4 corresponds to wapD, and orf6 (a single gene after waaL) corresponds to wapF (Fig. 2 and 6) . We have been able to assign a proteomic function to all of these genes not shared by both strains. The data obtained seems to indicate that WapA is a CMP-Kdo transferase ␣-(2¡6) to GlcNI, WapB is a UDP-N-acetylglucosamine transferase ␣-(1¡4) to GalAII, WapC is a UDP-galacturonic acid transferase ␣-(1¡7) to L-HepIII, in agreement with the LPS core chemical structure of P. shigelloides 302-73 (Fig. 1B) . WapD is a UDP-galactose transferase ␤-(1¡4) to GlcN, and WapF is a UDP-glucose transferase ␤-(1¡6) to GlcN, in agreement with the LPS core chemical structure of P. shigelloides strain CNCTC 113/92 (Fig. 1C) . It is important to note the complete lack of homology between the WapC and the K. pneumoniae WabO (40) , which are both UDP-galacturonic acid transferases to LHepIII, the first one ␣-(1¡7) and the second one ␤-(1¡7) (see Fig. 1A and B) .
The E. coli core OS structures share a substructure up to the first outer-core residue (GlcI) (41) . In E. coli strains with core OS types K-12, R1, R2, and R4, the WaaO glucosyltransferase links a second Glc residue (GlcII) to GlcI by an ␣-(1¡2) linkage (41) . In strains with an R3 core type, the WaaI galactosyltransferase links a Gal residue to GlcI with the same ␣-(1¡2) linkage (41) . Both WaaO and WaaI belong to the GT-A fold containing the CAZY glycosyltransferase family 8. An alignment between these two glycosyltransferases (WaaO, Q8KMW9; WaaI, Q9ZIT4) revealed that they share 51 and 80% amino acid residue identity and similarity, respectively. These levels of identity/similarity are similar to the ones shared by the P. mirabilis N-acetylglucosaminyl (WabH R110 ) and N-acetylgalactosaminyl (WabP 50/57 ) transferases (42) . P. shigelloides WapE is a UDP-galactose transferase ␤-(1¡4) to L-HepI instead of the UDP-glucose transferase ␤-(1¡4) to LHepI characteristic of the Klebsiella-Serratia-Proteus group. In our case, K. pneumoniae WaaE and P. shigelloides WapE share 42 and 64% identity and similarity; it appears that glycosyltransferases involved in the transfer of different sugar epimer residues to the same LPS acceptor can be differentiated by their levels of identity and similarity but are still noticeable, unlike what happens with different linkages (␣ or ␤).
We previously showed that the incorporation of GlcN in the LPS core requires two distinct enzymatic steps due to the lack of UDP-GlcN in prokaryotes (39, 42) . First, one enzyme catalyzes the incorporation of GlcNAc from UDP-GlcNAc to outer-core LPS, and then a second enzyme catalyzes the deacetylation of the core LPS containing the GlcNAc residue. Because we found an additional HexN (named GlcNII in Fig. 1B) when we analyzed the LPS of mutant 52145⌬wabO⌬waaL(pGEMT-WapC, pBADWapB) grown under inducing conditions but not a HexNAc, and we could not find any other deacetylase similar to WabN in the P. shigelloides 302-73 full genome (37), we suggested that the unique WabN present is able to deacetylate both GlcN residues (I and II in Fig. 1B) . Located outside the waa cluster, wapG encodes the UDPglucose transferase ␤-(1¡2) to L-HepII, and it is an LPS core motif conserved in all of the P. shigelloides strains studied until now (15) (16) (17) (18) (19) (Fig. 1) . The chromosome location seems to be the same in strains 302-73 and CNCTC 113/92 (data not shown). The waa gene cluster is located in a single chromosome location in several Enterobacteriaceae (11, 12) . However, Proteus or Yersinia shows two or more chromosome locations for waa genes (13, 14) . The case of Plesiomonas waa genes seems to be intermediate. All of the waa genes are in the same chromosome location besides a single waa gene that is located in another chromosome region.
The dot blot hybridization experiments seem to suggest that the P. shigelloides strains mainly share the following LPS core chemical structure: However, it is described that one strain from serotype O74 (16) lacks the ␤Glc-(1¡2) linked to the L-HepII, the ␤Gal-(1¡4) linked to the L-HepI, or the ␣GlcN-(1¡4) linked to the GalA but, unfortunately, we do not have any P. shigelloides strain belonging to this serotype.
Homologous recombination in housekeeping genes affects P. shigelloides alleles and nucleotides 7 and 77 times more frequently than mutation, respectively (43) . These ratios are similar to those observed in the naturally transformable species Streptococcus pneumoniae with a high rate of recombination. In contrast, recombination within Enterobacteriaceae was much less frequent. The high recombination observed in this bacterium could explain why P. shigelloides showed an important variety of LPS core structures besides being single species on the genus. It could be observed with a higher variability on genes flanking waaL than in the rest of the waa cluster. These genes encoded the most external LPS core residues, where the variability is also wider than in the rest of the LPS core. A similar situation is responsible for the K. pneumoniae two type of LPS core, genes flanking the waaL in the waa cluster (27) .
